Key Messages
• • Information is scarce about variations in immunoregulatory components during the colostrum stage and the effects of human-milk pasteurization. • • The supply of components in colostrum with immunoregulation activity (antidietary antibodies and TGF-β) is stable during the 1st week of lactation. • • The changes in antibodies'reactivity after pasteurization is dependent on their specificities and isotypes. IgG4 is particularly stable. • • This work contributes to the knowledge of the immunological composition of colostrum and the immunoregulatory properties involved in the induction of oral tolerance.
immunoregulation but at much lower concentrations. Specifically, IgG is involved in the prevention of autoimmune and allergic diseases during childhood and adulthood (Djoumerska-Alexieva, Manoylov, Dimitrov, & Tchorbanov, 2013; Palmeira & Carneiro-Sampaio, 2016; Yamamoto, Tsubota, Kodama, Kageyama-Yahara, & Kadowaki, 2012) . Milk composition varies greatly among mothers and even during lactation. Mothers who have undergone preterm delivery exhibit a higher content of immunological components in their colostrum (Castellote et al., 2011; Thibeau & D'Apolito, 2012) , but often they cannot produce enough human milk to feed their own infants (Schanler, Lau, Hurst, & Smith, 2005) . In these conditions, the use of donor milk that has been processed in human milk banks (HMBs) is recommended (American Academy of Pediatrics, 2012; Arslanoglu et al., 2013) .
Holder pasteurization of donated milk is a requisite to ensure microbiological safety, but the use of this thermal treatment at HMBs (62.5°C for 30 min) leads to a varying loss of bioactive contents and affects the immunological properties of milk (Lönnerdal, 2017) . Due to the variable composition of milk during lactation, thermal treatment could adversely affect the biological activity of these components in many ways; changes in the concentrations of immune factors during the 1st week of lactation and after pasteurization may affect protection against NEC and other clinical conditions in preterm infants.
The available information about the dynamic variations in specific immunological components during the colostrumproduction period, as well as effects of pasteurization on antibodies with different specificities, is quite limited. In this study, we first analyzed how the immunological composition of donated colostrum evolved by focusing on the immunoregulatory properties (Objective 1). Second, we evaluated how the milk's immune components changed after pasteurization (Objective 2). This fundamental understanding is key to improving the immunological quality of the colostrum that is administered to preterm newborns.
Methods

Design
This is a descriptive cross-sectional study of a convenience sample of donated colostrum from volunteers on different days after delivery. Data and sample collection were done during 1 year between September 2012 and 2013. The samples were analyzed before and after pasteurization. Donated colostrum samples with an available volume of more than 150 ml were selected for study. The study was approved by the Research Ethics Board of Centro Hospitalario Pereira Rossell.
Setting
This study was conducted in Uruguay, a South American country with an estimated 3.42 million people and approximately 47,000 births per year; 17% of the deliveries take place at the national maternal and children's hospital located in the capital (Centro Hospitalario Pereira Rossell, Montevideo). At the time of the present work, exclusive breastfeeding was reported in 65.5% of children until 6 months of age. The main HMB in our country is located in this hospital and has been integrated with the Iberoamerican Program of HMBs since 2007. Ten thousand women were assisted in breastfeeding, 1,550 mothers became donors, and 1,525 preterm infants were fed with approximately 4,000 liters of donated milk during 2013, according to the local annual report.
Human milk processing in Uruguay follows the guidelines of the Brazilian Network of Human Milk Banks (2008) . Briefly, all donors are interviewed before donation by lactation consultants to verify that inclusion criteria described below are met. The mothers are taught the techniques for safe extraction and storage in the freezer in sterile glass bottles until they are collected. Once in the HMB, individual samples are stored in a freezer at −20°C until being thawed and analyzed for off-flavor and Dornic acidity; then, nondiscarded donations are pasteurized by Holder method and milks are conserved at −20°C until safety microbiological controls are obtained. After this process, thawed donated milk is used under physician prescription only for conditions such as preterm birth and gastrointestinal surgery. In contrast with other current guidelines, no informed consent from parents is established in our country and the milk from different donors is never pooled.
Sample
We recruited a group of participants who were colostrum donors to Pereira Rossell's HMB. Inclusion criteria were based on sample availability. Exclusion criteria included positive serology for infectious diseases (e.g., HIV, syphilis) and consumption of illicit drugs or medications incompatible with breastfeeding.
Sixty-seven women (median age = 33.6 years; interquartile range [IQR] = 31-36 years) donated one colostrum sample each, which was collected only once after delivery for both study objectives. Most mothers (80%) had delivered after 37 weeks, and samples were grouped for analysis according to the time of sample collection. For temporal analysis, we arbitrarily selected four timeframes representative of early to late colostrum stages (see Table 1 ). In addition, a group of seven donors of mature milk, with an average of 6 months elapsed since they delivered, was included, and three women not included in these groups donated two sequential samples on days 2, 3, and 6 (first samples) and days 28, 31, and 32 (second samples).
Data Collection
According to ethical considerations, we included only samples from women who donated such a volume of colostrum that it did not impair the feeding of preterm infants (67% of donors met this condition). Each milk sample was contained in a glass vial, and a maximum volume of 12 ml derived from three extractions over 24 hours was used for this study. The specimens were thawed for routine controls in the HMB; portions were separated before and after Holder pasteurization (62.5°C for 30 min) and kept at −80°C until analysis. Whole-milk portions were thawed and centrifuged at 10.000 g for 10 min at 4°C (Akinbi et al., 2010) ; the lipid layer was carefully removed and the cell pellet discarded. The aqueous fraction was stored at −80°C in portions to avoid freezethaw cycles and was used for the analysis of components.
Data and informed consent from participants were collected by technical staff from the HMB.
Measurements
Data were collected for each participant from questionnaires containing demographic and lifestyle information, and the corresponding samples were labeled and analyzed for Objective 1 (raw samples) and Objective 2 (paired raw and pasteurized samples). The methodology used for both was the same unless indicated.
Analysis of Total Immunoglobulins
Total IgA, IgG, and IgM concentrations were determined in the samples of aqueous fractions by an in-house sandwich ELISA using the corresponding pairs of commercial capture and horseradish peroxidase (HRP)-conjugated antibodies. Microplates (Greiner, Frickenhausen, Germany) were coated briefly with the appropriate concentrations of the captured antibodies and then blocked with 1% gelatin in a phosphate buffered saline (PBS). After washings, 100 µl of unsaturated serial dilutions of samples (in dilution buffer: PBS containing 0.05% Tween 20 and 1% gelatin) and reference standards were incubated in duplicate wells (ON, 4°C). Horseradish peroxidase-conjugated antibodies were added at appropriate dilutions and then incubated for 1 hour at 37°C. Finally, the color reaction was developed with a H 2 O 2 -containing substrate solution (0.1 mg/ml 3,3′,5,5′-tetramethylbenzidine). Optical densities (ODs) were read at 450 nm after the reaction was stopped with 1N sulfuric acid. For IgA and IgM determination, goat anti-human-Fcα and rabbit anti-human-Fcµ antibodies (Sigma-Aldrich, St. Louis, MO) were used at 10 µg/ ml. For detection, the corresponding HRP-conjugated antibodies were diluted to 1:5000 (Sigma-Aldrich). For determination of IgG (total and subclass), plates were coated with goat anti-human-Fcγ-specific antibody (Abcam, Cambridge, MA) at 1 µg/ml. After incubation of the samples, a suitable dilution of rabbit HRP-conjugated anti-human-Fcγ antibodies (Dako, Glostrup, Denmark) that was previously absorbed with normal goat serum was added. For the study of IgG subclasses, specific biotinylated monoclonal antibodies (SigmaAldrich) were compared with each IgG1-IgG4 and ExtrAvidin-HRP conjugate (Sigma-Aldrich). Calibration curves were constructed using a reference standard solution (N Protein Standard SL; Siemens Healthcare Diagnostics Products GmbH, Marburg, Germany). The resulting standard curve was used to estimate the concentration of each antibody isotype and IgG subclass.
Analysis of Antitetanic Toxoid-and AntiovalbuminSpecific Antibodies
Plates were coated with 5µg/ml of tetanus toxoid (TT) solution or 1 µg/ml of ovalbumin (OVA) from Sigma-Aldrich, both solutions in the PBS. The samples were incubated in an unsaturated sample dilution previously selected for analysis of TT-and OVA-specific antibodies (1:100 for IgA, and 1:20 for IgG and IgM). For detection, we used the corresponding HRP-conjugated antibodies described above, and color reaction was developed after 15 min. In every plate, a positive sample was used as an internal control. Results were expressed as titers, which were calculated by dividing the OD obtained for each sample by the average OD of the corresponding blank (only dilution buffer) plus 3 standard deviations (determined in quadruplicate wells).
Quantification of TGF-β2
The concentration of TGF-β2 in the aqueous fraction of colostrum and mature milk samples was determined in duplicate using a commercial kit (Human TGF-β2 DuoSet ® ELISA; R&D Systems, Minneapolis, MN) according to the manufacturer's instructions.
Determination of Hydroxymethylfurfural and Furosine
Hydroxymethylfurfural (HMF) and furosine were analyzed as markers for the progress of the Maillard reaction (a complex array of reactions involving the ε-amino group of protein-bound lysine and reducing carbohydrates). The content of HMF was determined as previously described (Ajlouni & Pan, 2014) , with modifications in five colostrum and five mature milk samples. After clarification with Carrez I and II reagent kits, the samples were analyzed by HPLC (C18 column, Jupiter C18, 10-µm mean particle diameter) by isocratic elution with a water-methanol mobile phase (90:10 v/v), 1-ml/min flow rate, 20-µl injection volume, and UV detection at 285 nm. Furosine was analyzed in a similar fashion (Boitz & Mayer, 2015) with modifications. Samples were hydrolyzed (8.5M hydrochloric acid at 110°C for 24 hours), and after filtration, a portion was applied to a premoistened Sep-Pack C18 cartridge (Millipore) and eluted with 3M hydrochloric acid. Finally, samples were mixed with equal volumes of mobile phase. Chromatographic determinations were carried out using a C18 column (Sphereclone ODS [2], 250 mm × 4.6 mm, 5-µm mean particle diameter) by isocratic elution with 5 mM sodium heptane sulfonate water:acetonitrile:formic acid (80:20:0.2 v/v) mobile phase, 1-ml/min flow rate, 20-µl injection volume, and UV detection at 280 nm. 
Results
Objective 1. To characterize the immunological properties of the donated colostrum from the HMB, we analyzed a representative group of 67 samples from different donors at different times after delivery. We evaluated if the amount of relevant immune components varied significantly throughout the colostrum stage as well as compared with mature milk. As expected, total IgA and IgM contents were higher in colostrum than in mature milk, but immunoglobulin levels did not vary significantly among samples obtained during the 1st week of lactation (see Figure 1A) . In contrast, the IgG level in colostrum was similar to that in mature milk; to further study this observation, we analyzed pairs of sequentially collected colostrum and mature milk samples from three donors. IgA and IgM concentrations decreased sharply (see Figure 1B ) from colostrum to mature milk (medians of 55.7% and 48.0%, respectively). IgG decreased only 19% from its initial level.
The levels of specific antibodies against OVA and TT were analyzed during the 1st week of lactation and then compared with the respective levels in mature milk; according to the threshold defined in each experimental system, anti-OVA and anti-TT IgA-and IgM-specific antibodies were detected in all samples, but anti-OVA IgG antibodies were not found in five colostrum samples. The concentration of specific antibodies against both antigens did not vary significantly during the 1st week of lactation; specific IgM and IgA decreased in mature milk, and specific IgG detected in mature milk and colostrum had similar titers (see Figure 2) .
We analyzed the IgG subclass profile in a group of 20 colostrum samples with high IgG contents. Significant levels of IgG1, IgG2, and IgG4 were detected in all samples; IgG1 was predominant, followed by IgG2 and IgG4 (averages of 47%, 31%, and 22% of the total IgG content, respectively). IgG3 was detected in only 13 samples at a lower median concentration (0.02 µg/ml, 0.1% of IgG content). It is interesting that this IgG profile observed in the colostrum samples contrasted with the IgG profile of mature milk, in which IgG4 was comparatively more abundant (see Figure 3) . Conversely, IgG subclass distribution of OVA-specific antibodies showed a predominance of IgG4 within the IgG class (14 of 20 samples), followed by IgG1, IgG2, and IgG3 (found in 7, 9, and 2 samples, respectively).
Objective 2. As expected, the thermal stability of antibodies varied according to isotype and owed to structural differences. A drastic decrease in IgM content was observed in all samples, and losses of up to 93.5% were observed. In terms of IgA and IgG, the behavior was heterogeneous, and the concentration in raw colostrum did not drop after pasteurization in 8 and 4 samples, respectively (see Figure 4A ). In view of the high structural heterogeneity of IgG antibodies, we investigated the thermal resistance of subclasses. The content of IgG1 and IgG2 significantly decreased after pasteurization (p = .0001), whereas IgG4 levels remained constant or, strikingly, increased after pasteurization in 11 of 20 samples (see Figure 4B) .
Next, we explored the effect of heat treatment on antibodies with specific reactivity by analyzing the immune reaction against OVA and TT as target antigens (see Figure 4C) . IgA antibodies were able to retain their reactivity against OVA to a lesser extent than against TT (p = .0001). It is striking that 58 of 67 samples retained or increased specific anti-TT reactivity, and no significant losses between raw and pasteurized samples were observed. Both anti-TT and anti-OVA IgM antibodies lost a significant part of their specificity after pasteurization. Anti-OVA IgM was the least affected by heating (p = .001). The results concerning specific IgG antibodies showed that both anti-TT and anti-OVA antibodies had less reactivity after pasteurization, in comparable levels, but 30% of the specimens retained their anti-OVA IgG reactivity (see Figure 4C ). It is interesting that pasteurization had a different effect on OVA-specific reactivity among IgG subclasses. In line with the behavior of total IgG4, anti-OVA IgG4 titers were significantly higher after heating compared with raw samples.
Significant levels of TGF-β2 were detected in all colostrum samples (median = 2.1 ng/ml; IQR = 1.3-3.1 ng/ml), with no significant variations concerning days of lactation during the 1st week and a significant decrease in mature milk. Pasteurization caused a significant decrease in TGF-β2 content in the studied group of colostrum samples (p = .001) (see Figure 4A ). Then, we studied variation in thermal effect according to the lactation days of the colostrum samples. For all components, the percentage retention remained stable and similar to those described in the whole group (see Figure  4D) .
Finally, we explored if moderate heating could promote chemical reactions between sugars and free amino groups of lysine that contribute to reported losses. We analyzed furosine and HMF as markers of Maillard reaction progress in paired raw and pasteurized colostrum and mature milk samples. We did not detect furosine in any of them, but significant levels were measured when the colostrum was heated at 70°C or 100°C for 30 min as an internal control assay (2.9 and 12.2 mg/l, respectively). After thermal treatment, HMF was detected in only one of five colostrum samples (19 ± 1 µg/ml) and in four of five mature milk samples (20 µg/ml; range = 2-49 µg/ml).
Discussion
In this work, we analyzed the temporal composition of immunological components in colostrum (Objective 1) as well as their variations with processing in HMB (Objective 2).
Objective 1
The dynamic composition of human milk is known to suit neonates' requirements for growth and immune maturation; the knowledge of physiologically and thermally induced variations during the 1st days of lactation is very valuable in optimizing the supply of immunological components for preterm newborns when access to breastfeeding is restricted (Chatterton, Nguyen, Bering, & Sangild, 2013) .
The characterization of immunological properties of Uruguayan human milk has not been reported. In this study, we analyzed the profile of antibodies and TGF-β2 in donated colostrum, as major bioactive compounds involved in defenses and/or immunoregulation, and their variations with processing in HMBs. We studied 67% of colostrum specimens donated during 1 year to the HMB located at the largest maternal and children's hospital in Uruguay.
Time variations in immunological components during very early lactation have been poorly described in part because of difficulties in obtaining sufficient sample volumes. In this regard, this study is the first to provide the results of a large representative sampling of colostrum used for feeding preterm infants in Uruguay. Globally, our results show that the content of immunoglobulins during the first 6 days of lactation is grossly uniform, and IgA and IgM levels decrease significantly in mature milk, whereas IgG levels remain fairly constant. These results are in line with an earlier report that described constant IgG levels during the 1st month of lactation in a larger panel of sequential human milk samples (Ogra & Ogra, 1978) . Our results also coincide with the pattern of constant IgG during lactation described by other authors (Espinosa-Martos et al., 2013) but are in contrast with the sharp early decline in IgG reported in whole colostrum (Mehta, Mehta, & Isaacs, 1989) . Methodological aspects, such as the presence of lipids and cells in the samples under analysis, could account for such differences.
The decrease in absolute antibody concentration after the 1st week of lactation is consistent with the dilution phenomenon caused by increased milk secretion; nevertheless, constant levels of IgG were detected after up to 6 months of lactation. As most IgG in milk is transported from plasma by the neonatal Fc receptor (FcRn), the upregulation of these receptors as lactation progresses could possibly help explain IgG kinetics; alternately, an increase in local production of IgG4 could contribute to stable IgG levels during lactation (Espinosa-Martos et al., 2013) . The colostrum IgG subclass profile we found (IgG1 > IgG2 ≥ IgG4 > IgG3) is compatible with previous reports (Kim, Keller, & Heiner, 1992) but contrasts with others that show significant contribution of IgG3 and lack of IgG2 antibodies in colostrum and mature milk (Espinosa-Martos et al., 2013) .
Human milk also supplies immunological factors linked to the development of oral tolerance to gut microbiota and dietary components (Brandtzaeg, 2010) . Intact-food antigens are usually present in the systemic circulation after a meal and can be detected in milk. Specific dietary antibodies and immunocomplexes produced by healthy individuals can also be found in milk (Lovegrove, Morgan, & Hamptom, 1996) . Accordingly, significant levels of anti-OVA antibodies were detected in most samples, and particularly among IgG antibodies, IgG4 was the subclass most frequently observed.
IgG facilitates the antigen uptake via FcRn, whereas immunocomplexes with IgA can be selectively internalized by a receptor expressed on M cells (Mantis et al., 2002) . Antigen presentation of dietary antigens by dendritic cells could then take place in a tolerogenic setting, depending on the presence of regulatory cytokines, such as TGF-β and other factors (Brandtzaeg, 2011) . Results from animal models showed that the presence of specific IgG1 in murine milk was associated with a higher potential to induce oral tolerance against OVA, and the transfer of dietary antigens to offspring with their specific immunoglobulins has been suggested to lead to antigen-specific protection from food allergy (Mosconi et al., 2010; Yamamoto et al., 2012) . These experimental approaches involving naive mice could be representative of the neonatal situation, and maternal antibodies could shape the immune response elicited in the neonatal intestine. It is interesting that murine IgG1 is functionally related to human IgG4, which is recognized by FcRn and is considered a marker of tolerance induction in humans (Burks et al., 2012; Caminiti et al., 2015) . In this context, the presence of significant levels of IgG4 in colostrum and mature milk (possibly taken in by the neonate alongside solid food) is relevant.
Objective 2
Our second goal was to evaluate the immunological changes associated with the mandatory pasteurization process at the HMB. This information is of utmost importance for optimizing the immunological quality of future milk donations by improving the pasteurization process.
Moderate heating can modify the three-dimensional structure of proteins by abolishing antigen-binding and/or effector mechanisms mediated by antibodies in the neonatal gut. In addition, the attachment of sugars to the free amino groups of lysine (via the Maillard reaction) could be favored and contribute to bioactivity losses. In contrast to previous reports (Espinosa-Martos et al., 2013), we did not detect furosine in any sample. However, low levels of HMF formation were detected, mainly in mature milk samples. Thus, the progression of the Maillard reaction cannot be ruled out under Holder conditions. Further research is necessary to explain the nature and extent of the effect on targeted bioactive proteins.
Immunoglobulins exhibit variable heat-labile behavior, depending on their molecular structures; we observed drastic drops in IgM content in line with its high molecular weight. In contrast, total IgA decreases were far more variable across studies; our results are in agreement with those reporting losses ranging from 20% to 28% (Czank, Prime, Hartmann, Simmer, & Hartmann, 2009; Permanyer et al., 2010; Sousa, Delgadillo, & Saraiva, 2014) and in contrast with findings from other studies that reported lower retentions (50% to 64%) (Braga & Palhares, 2007; Espinosa-Martos et al., 2013; Koenig, de Albuquerque Diniz, Barbosa, & Vaz, 2005; Viazis, Farkas, & Allen, 2007) .
The comparison of the total antibody content in milk before and after heat treatment cannot be assumed to correspond to changes in biological activity since the antigen-binding properties of the antibodies were not evaluated in the sandwich ELISA design. We believe that evaluating the effect of processing on specific reactivity of representative antibodies involved in protection and immunoregulation is relevant. Our results showed differences in heat susceptibility depending on antibody specificity, and contrary to our initial expectations, increased reactivity was observed in some specimens after pasteurization. This phenomenon was particularly remarkable in anti-OVA IgG4 antibodies (data not shown), which showed a high resistance to processing in accordance with the behavior of total IgG4s observed in this work and a recent report (EspinosaMartos et al., 2013) . Based on the particularities of IgG4 antibodies and their intrinsic tendency to interact with other immunoglobulins through the constant domain (Rispens et al., 2012) , heat-induced dissociation of these complexes cannot be ruled out; in turn, this would unmask those regions recognized by detection antibodies in the ELISA system.
TGF-β promotes gut barrier function and plays a critical role in oral tolerance, acting alone or together with antibodies (Brandtzaeg, 2011) , so proper content of TGF-β in donor milk would protect preterm newborns against NEC and other inflammatory conditions (Rautava et al., 2011) . We found colostrum levels of TGF-β to be comparable with previous reports (median values ranged from 2,077 to 1,013 pg/ ml in raw and pasteurized samples, respectively) (Castellote et al., 2011; Reeves, Johnson, Vasquez, Maheshwari, & Blanco, 2013) . Nevertheless, the bioactivity of TGF-β in pasteurized milk should also be investigated to take into account the potential effectiveness of TGF-β supplementation in donor milk and further promote preterm newborn health.
Limitations
This study was carried out with samples obtained by different donors integrating a small but representative group of mothers who donated colostrum during 1 year in our HMB (67% of colostrum donors were included). The fact that selection of donors depended on the availability of colostrum for this study could result in a selection bias. We consider that these aspects are the main limitations of this study and should be considered in future research.
Conclusion
The levels of main immunological components involved in defenses and immunoregulation were stable throughout the colostrum stage. The effects of Holder pasteurization on antibody reactivity differentially varied according to specificity, isotype, and IgG subclass. The in vivo implications of these changes should be studied, particularly considering the putative role of IgG4 in the establishment of the neonatal oral tolerance and long-term consequences on overall health (Yamamoto et al., 2012) .
